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E-mail address: zhiyingzhang06@hotmail.co.uk (Z.CaCl2 undergoes a tetragonal (P42/mnm) to orthorhombic (Pnnm) transition as a function of temperature
which is essentially the same as occurs in stishovite at high pressures. It can therefore be used as a con-
venient analogue material for experimental studies. In order to investigate variations in elastic properties
associated with the transition and possible anelastic loss behaviour related to the mobility of ferroelastic
twin walls in the orthorhombic phase, the transition in polycrystalline CaCl2 has been examined using
resonant ultrasound spectroscopy (RUS) at high frequencies (0.1–1.5 MHz) in the temperature interval
7–626 K, and dynamic mechanical analysis (DMA) at low frequencies (0.1–50 Hz) in the temperature
interval 378–771 K. RUS data show steep softening of the shear modulus as the transition temperature
is approached from above and substantial acoustic dissipation in the stability ﬁeld of the orthorhombic
structure. DMA data show softening of the storage modulus, which continues through to a minimum
20 K below the transition point and is followed by stiffening with further lowering of temperature.
There is no obvious acoustic dissipation associated with the transition, as measured by tand, however.
The elastic softening and stiffening matches the pattern expected for a pseudoproper ferroelastic transi-
tion as predicted elsewhere. Acoustic loss behaviour at high frequencies ﬁts with the pattern of behaviour
expected for a twin wall loss mechanism but with relaxation times in the vicinity of 106 s. With such
short relaxation times, the shear modulus of CaCl2 at frequencies corresponding to seismic frequencies
would include relaxations of the twin walls and is therefore likely to be signiﬁcantly lower than the
intrinsic shear modulus. If these characteristics apply also to twin wall mobility in stishovite, the seismic
signature of the orthorhombic phase should be an unusually soft shear modulus but with no increase in
attenuation.
 2012 Elsevier B.V. All rights reserved.1. Introduction
The high pressure phase transition in stishovite (SiO2), between
tetragonal (P42/mnm) and orthorhombic (Pnnm) structures, has at-
tracted a great deal of recent attention both from its intrinsic inter-
est in terms of physical properties related to pseudoproper
ferroelastic behaviour (Tsuchida and Yagi, 1989; Matsui and Tsu-
neyuki, 1992; Cohen, 1992, 1994; Lacks and Gordon, 1993; Mao
et al., 1994; Kingma et al., 1995, 1996; Lee and Gonze, 1995,
1997; Dubrovinsky and Belonoshko, 1996; Karki et al., 1997a,b;
Andrault et al., 1998, 2003; Carpenter et al., 2000; Ono et al.,
2002a; Carpenter, 2006; Hemley et al., 1994, 2000a,b; Akins and
Ahrens, 2002; Shieh et al., 2002, 2005; Cordier et al., 2004; Tsuchiya
et al., 2004; Lakshtanov et al., 2007b; Togo et al., 2008; Jiang et al.,
2009; Bolfan-Casanova et al., 2009; Driver et al., 2010) and because
these might have a direct inﬂuence on the seismic properties ofll rights reserved.
Zhang).subducted oceanic slabs (e.g. Kaneshima and Helffrich, 2010; Vin-
nik et al., 2010; Nomura et al., 2010). From a geophysical perspec-
tive, the properties of interest are primarily elastic, and it is clear
that the phase transition will give rise to marked softening of the
shearmodulus as the transition point is approached from the stabil-
ity ﬁelds of both the tetragonal and orthorhombic structures as a
consequence of softening of the single crystal elastic constants
(C11–C12) (Cohen, 1992, 1994; Matsui and Tsuneyuki, 1992; Lacks
and Gordon, 1993; Lee and Gonze, 1995; Dubrovinsky and Bel-
onoshko, 1996; Karki et al., 1997a,b; Hemley et al., 2000b; Carpen-
ter et al., 2000; Shieh et al., 2002; Andrault et al., 2003; Carpenter,
2006; Lakshtanov et al., 2007b; Togo et al., 2008; Jiang et al., 2009;
Bolfan-Casanova et al., 2009; Driver et al., 2010). If the relevant
mantle geotherm crosses the transition in pressure and tempera-
ture space, it follows that the geophysical signal indicative of the
presence of stishovite will be a characteristic pattern of velocity
changes for both P and S waves. As in the case of the bM a transi-
tion in quartz (e.g. Carpenter et al., 1998; Mechie et al., 2004; Car-
penter, 2006), knowledge of the phase boundary could then help to
Table 1
Summary of transition temperature for CaCl2 detected using different methods.
Method Sample Transition
temperature (K)
Reference
XRD Powder 491 Bärnighausen et al. (1984)
XRD Powder 491 Anselment (1985)
Raman spectroscopy Pellet 491 Unruh et al. (1992) and
Unruh (1993)
Synchrotron XRD Powder 508 Howard et al. (2005)
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in the bulk modulus (e.g. Carpenter et al., 2000; Andrault et al.,
2003; Carpenter, 2006; Bolfan-Casanova et al., 2009), but this
would be a more subtle effect and is altogether harder to detect
even under laboratory conditions.
Another characteristic feature of ferroelastic phase transitions
which is certainly relevant in the geophysical context is acoustic
attenuation. This may be intrinsic (i.e. related to a pervasive inﬂu-
ence such as critical slowing down) in the vicinity of the transition
point or extrinsic (i.e. related to defects) over a much wider interval
of temperature and pressure due to the mobility under stress of
twin walls in the low symmetry phase (e.g. Carpenter and Zhang,
2011). Interest in anelastic effects more generally has been stimu-
lated by the recognition that their temperature dependence is quite
different from that of the elastic constants and, hence, that they
could in principle provide a means of discriminating between the
effects of temperature and composition (e.g. Romanowicz, 1995;
Karato and Karki, 2001; Gung and Romanowicz, 2004; Brodholt
et al., 2007;Matas and Bukowinski, 2007; Lekic et al., 2009; Carpen-
ter and Zhang, 2011). The expectation is that, for most of the earth,
seismic attenuation will be dominated by the anelastic properties
of grain boundaries (e.g. Tan et al., 2001; Jackson et al., 2002; Webb
and Jackson, 2003; Faul and Jackson, 2005; Jackson, 2007; Salje,
2008) and dislocations (e.g. Gueguen et al., 1989; Farla et al.,
2012). However, recent investigations of the dynamics of twinwalls
in perovskites have shown that loss mechanisms associated specif-
ically with themobility under dynamic stress of twinwalls could be
really quite substantial (e.g. Harrison and Redfern, 2002; Harrison
et al., 2004b,c; Carpenter, 2006; Carpenter et al., 2010; Daraktchiev
et al., 2006, 2007; Walsh et al., 2008; McKnight et al., 2009a,b;
Zhang et al., 2010a,b; Carpenter and Zhang, 2011).
Such considerations immediately raise the question, as dis-
cussed by Carpenter et al. (2000), of whether there could also be
signiﬁcant attenuation of seismic waves due to the presence of
transformation twins in orthorhombic stishovite and, if so, what
temperature-, pressure- and frequency-dependence it might show.
Unfortunately, these are not easy questions to address directly for
stishovite itself due to the inherent difﬁculty in trying to measure
anelastic properties at high pressures. An alternative and more
tractable approach is to start with an analogue material which
should show the same behaviour in principle but under more eas-
ily accessible laboratory conditions. The primary objective of the
present study was to show unambiguously that twin-wall related
loss mechanisms could occur in CaCl2, which undergoes the same
phase transition as occurs in stishovite but as a function of temper-
ature at ambient pressure rather than as a function of pressure.
Data are presented from resonant ultrasound spectroscopy (RUS)
and dynamic mechanical analysis (DMA) at high frequencies
(0.1–1.5 MHz) in the temperature interval 7–626 K, and at low
frequencies (0.1–50 Hz) in the temperature interval 378–771 K,
respectively.
As in stishovite, the P42/mnmM Pnnm transition in CaCl2 is dri-
ven by a soft optic mode which induces softening of an acoustic
mode by bilinear coupling of the order parameter with the symme-
try-breaking strain (Unruh et al., 1992; Unruh, 1993; Valgoma
et al., 2002). From measurements of the lattice parameters and,
hence, determinations of the spontaneous strain, it is known also
that the transition is second order in both cases and is expected
to conform closely to the precepts of Landau theory (Unruh,
1993; Carpenter et al., 2000; Howard et al., 2005). The transition
temperature is 491 K (Table 1; Bärnighausen et al., 1984; Ansel-
ment, 1985; Unruh et al., 1992; Unruh, 1993; Howard et al., 2005).
The same transition is also observed as a function of temperature
in CaBr2 (Raptis et al., 1989; Raptis and McGreevy, 1991; Hahn
and Unruh, 1991; Unruh, 1993; Kennedy and Howard, 2004; How-
ard et al., 2005), and ferroelastic twins have been observed in thismaterial by optical microscopy at room temperature (Unruh,
1993). It is observed as a function of pressure in a much wider
range of materials, including MgF2 (Haines et al., 2001; Kanchana
et al., 2003; Zhang et al., 2008; Kusaba and Kikegawa, 2008b),
FeF2 (Wang et al., 2011), CoF2 (Wang et al., 2011), NiF2 (Wang
et al., 2011), ZnF2 (Perakis et al., 2005; Kusaba and Kilegawa,
2008a), TiO2 (Nagel and OKeeffe, 1971; Fritz, 1974), MnO2 (Haines
et al., 1995), GeO2 (Haines et al., 1998, 2000; Lodziana et al., 2001;
Ono et al., 2002b), RuO2 (Haines and Leger, 1993; Ono and Mibe,
2011), SnO2 (Haines and Leger, 1997; Haines et al., 1997; Parlinski
and Kawazoe, 2000; Hellwig et al., 2003), PbO2 (Haines et al.,
1996), and MgH2 (Zhang et al., 2007).2. Experimental methods
Anhydrous CaCl2 powder purchased from Sigma–Aldrich was
ground using a mortar and pestle inside a glove box ﬂushed with
nitrogen gas. Pellets with diameter 13 mmwere prepared by press-
ing the ground up powder under a pressure of 60 bars for 1 min.
These were then ﬁred in air as follows: (1) heat from 373 to 673 K
at 5 K/min; (2) hold at 673 K for 2 h; (3) heat from 673 to 773 K at
3 K/min; (4) hold at 773 K for 48 h; (5) cool from 773 to 383 K at
3 K/min. Rectangular parallelepiped samples were cut from the
pellets using an annular diamond saw lubricated with parafﬁn.
For RUS measurements, the parallelepiped of CaCl2 had dimensions
4:260 3:143 3:039 mm3, mass 0.0577 g. The density calculated
from these dimensions is 1.418 g/cm3, which is 64% of the theoret-
ical density, 2.20 g/cm3, based on lattice parameters at 300 K given
by Unruh (1993). For DMA tests, the sample had dimensions
1:268 1:743 3:713 mm3. Anhydrous CaCl2 is very sensitive to
moisture, and the samples were therefore kept in a desiccator with
P2O5 powder as desiccant.
An offcut from the pellets used to make the RUS and DMA sam-
ples was crushed, immersed in a refractive index oil and examined
in a polarising optical microscope. Birefringent grains up to 5–
10 lm wide could be seen and some of these contained planar or
lamellar features, indicating the presence of transformation twins
arising from the tetragonal? orthorhombic transition during cool-
ing from the annealing temperature.
High temperature RUS data were collected in the frequency
range 0.1–1.5 MHz with a step size of 28 Hz (50,000 data points
per spectrum) using alumina buffer rods protruding into a horizon-
tal Netzsch furnace (McKnight et al., 2008) and Stanford electronics
described by Migliori and Maynard (2005). The sample was tested
during repeated heating and cooling within the temperature range
386–626 K, with temperature steps of 2 K. During the last run, tem-
perature was lowered to 291 K. The signal was generally weak but
these repeated measurements revealed an overall pattern of peak
variations which appeared to be systematic and could be analysed
further. Low temperature RUS data were collected with the same
frequency range and step size of 5 K between 7 and 307 K during
cooling and heating using dynamic resonance system (DRS) Modu-
lus II electronics and an Orange helium ﬂow cryostat, as described
by McKnight et al. (2007). Spectra collected from the low tempera-
ture instrument are always stronger than those obtained from the
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Fig. 1. Stacks of RUS scans for CaCl2. (a) High temperatures. Regularly spaced
background peaks are due to the alumina buffer rods. (b) Low temperatures. The
background peaks at very low temperatures are noise from somewhere in the
sample holder.
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the transducers in the former, but is separated from the transducers
by the length of the alumina rods in the latter.
DMA measurements were undertaken by parallel plate com-
pression using a Diamond DMA from PerkinElmer over the temper-
ature range 378–771 K, with a heating and cooling rate of 3 K/min.
Static (Fs) and dynamic forces (Fd) were applied in the frequency
range 0.1–50 Hz using a steel rod. There is a phase lag, d, between
the applied force and the response of the sample, which is mea-
sured as the displacement of the rod, ud. Energy dissipation is given
by
tan d ¼ E00=E0; ð1Þ
where E00 is the loss modulus (i.e. the imaginary component of com-
plex Young’s modulus E) and E0 is the storage modulus (i.e. real
component of E) and the Young’s modulus is given by
E ¼ hFd expðidÞ=ðAudÞ; ð2Þ
where h is the height of the sample, 3.713 mm, and A is the base
area of the sample, 2.210 mm2.
3. Results
Fig. 1 shows segments of RUS spectra in the form of stacks with
offsets up the y-axis in proportion to the temperatures at which
they were collected. Regularly spaced background peaks at high
temperatures which do not change frequency to any great extent
with temperature are seen in all spectra collected with the high
temperature instrument (e.g. Thomson et al., 2010; Zhang et al.,
2011) and are due to the alumina buffer rods. At least some of
the noisy background at very low temperatures arises from some-
where in the sample holder rather than from the sample itself. All
the resonance peaks shift to lower frequency (elastic softening)
with decreasing temperature and disappear below 481 K. They
are not detectable in spectra collected in the high temperature
instrument between 481 K and room temperature. Low amplitude
peaks are easily visible in spectra from the low temperature instru-
ment, however, due to the advantage of having the sample located
directly on the transducers rather than at the end of alumina rods,
remote from the transducers. With further decrease in tempera-
ture, the peaks shift to higher frequencies (elastic stiffening). At
the lowest temperatures, weak peaks appear to be present but
their trajectory is hard to follow due to noise.
Most resonance modes of a parallelepiped are dominated by
shearing modes and, hence, their frequencies are dominated by
combinations of shear elastic constants. For a polycrystalline sam-
ple this means that most modes provide direct information relating
to the temperature dependence of the shear modulus. If the sample
is isotropic, values of the shear and bulk moduli can be obtained by
simultaneous ﬁtting to a number of resonance frequencies. If, as in
the present case, there is some anisotropy, it is not possible to ob-
tain ﬁts so easily.
In the present study the primary objective was to follow the
temperature dependence of a shear modulus that contains contri-
butions from (C11–C12) through the ferroelastic phase transition,
and to determine whether there is signiﬁcant attenuation within
the stability ﬁeld of the orthorhombic phase. These properties
can be followed from measurements of a single resonance which
depends on the shear modulus, G. Normal experience of RUS mea-
surements on polycrystalline parallelepipeds is that the modes
with lowest frequencies are dependent almost exclusively on G
and the lowest frequency mode has therefore been used for evalu-
ation. In this case the normalised square of frequency (f/f0)2 is pro-
portional to the shear modulus, as
ðf=f0Þ2 ¼ G=G0; ð3Þwhere f0 and G0 are the resonance frequency and shear modulus at
some reference temperature. As a simple matter of convenience, the
reference temperature was chosen to be 626 K.
Values of the inverse quality factor, Q1, were obtained from ﬁt-
ting an asymmetric Lorentzian function to individual resonance
peaks as
Q1 ¼ Df=f ; ð4Þ
where f is the frequency of the peak and Df its full width at half
maximum amplitude. Strictly speaking, absolute values of Q1 for
comparison with other measures of damping should be obtained
from ﬁtting to the square of the amplitude, but the difference is only
a factor of 
ﬃﬃﬃ
3
p
(see, for example, Lee et al., 2000; Lakes, 2004). The
resulting temperature dependencies of (f/f0)2 and Q1 are shown in
Fig. 2. Note that no f2 and Q1 data were obtained in the tempera-
ture range 291–481 K from the high temperature instrument
due to strong dissipation, or below 97 K from the low temperature
instrument. Values were nevertheless obtained in the temperature
interval 97–307 K from the low temperature instrument because
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inverse quality factor Q1 of CaCl2 determined by RUS. The dashed line is the
transition temperature 491 K. The dash-dotted curve shows the pattern of loss
behaviour typical of that due to ferroelastic twin wall mobility below the transition
point followed by pinning at some lower temperatures.
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Fig. 3. Temperature dependencies of storage modulus E0 , loss modulus E00 and
dissipation tand measured at different frequencies (0.1–50 Hz) by DMA for CaCl2
during cooling with the cooling rate of 3 K/min. The normalised square of frequency
(f/f0)2 and inverse of quality factor Q1 determined by RUS at high frequencies
0.3 MHz are also shown for comparison. The dashed line is the transition
temperature 491 K. Increases in tand at high temperatures are most likely due to
the inﬂuence of grain boundaries.
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tained from the high temperature instrument.
Qualitative variations visible in the raw spectra (Fig. 1) are en-
tirely consistent with predictions of softening of the shear modulus
as the expected tetragonalM orthorhombic transition temperature
of 491 K (Bärnighausen et al., 1984; Anselment, 1985; Unruh et al.,
1992; Unruh, 1993) is approached from either side. The total soft-
ening between 626 and 481 K is 25%. Also as anticipated, values
of Q1 are small (low attenuation) in the stability ﬁeld of the
tetragonal phase but increase abruptly in the stability ﬁeld of the
orthorhombic phase, to the extent that resonance peaks could no
longer be detected between 481 K and room temperature in spec-
tra from the high temperature instrument.
The temperature dependencies of E0, E00 and tand obtained by
DMA at frequencies of 0.1–50 Hz are shown in Fig. 3. Results for
(f/f0)2 and Q1 obtained by RUS at 0.3 MHz are also included for
comparison. Note that the DMA data extend through the tempera-
ture interval between room temperature and 481 K where no reso-
nance peaks were observed in the RUS spectra. E0 increases
smoothly with falling temperature from 771 to 651 K, essentially
as would be expected for a material with normal thermal expan-
sion, but then softening begins below 550 K. There is a distinct,
though roundedminimumat470 Kwhich is not obviously depen-
dent on frequency. A smooth increase (stiffening) then occurs down
to 378 K. This pattern of softening and stiffening occurs in a temper-
ature interval which is in the vicinity of the expected phase transi-
tion. In marked contrast with the RUS results, however, there is no
evidence for any acoustic loss as tand remains at a relatively low va-
lue for all frequencies at all temperatures below 650 K.
Above650 K, there are signiﬁcant increases in tandwhich vary
systematically with frequency such that the steepest increase isseen at 0.1 Hz and the smallest increase at 50 Hz. These changes
in tand at high temperatures also correlate, more or less, with
changes in E0, which showsmark softening at 0.1 Hz and nearly con-
stant values at 50 Hz. A strong anelastic effect is implied and is
likely to be due to the inﬂuence of grain boundaries as the melting
point (1045 K for anhydrous CaCl2, Patnaik, 2002) is approached.4. Discussion
Porosity leads to lower values of elastic moduli than in a fully
dense sample (Ren et al., 2009). The high porosity of the samples
used here therefore precludes the possibility of obtaining more
widely useful data for absolute values of shear or bulk moduli.
However, this does not reduce the signiﬁcance of the data on a rel-
ative scale. Measured values of the moduli will depend on a com-
bination of the elastic properties of the grains, with ﬁnite stiffness,
and of the pores, with zero stiffness. In this sense, a porous sample
can be thought of as a two-phase assemblage and, so long as strain
is not accommodated entirely by motion along grain boundaries,
the frequencies of resonance modes in an RUS experiment will de-
pend predominantly on shear moduli of the crystalline phase.
Grain boundary motion leads to distinct anelastic losses which
have been extensively characterised by Tan et al. (2001), Jackson
Fig. 4. Schematic form of elastic constant variations expected for a pseudoproper
ferroelastic tetragonalM orthorhombic phase transition. From Fig. 9 of Carpenter
and Salje (1998)
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become signiﬁcant at low frequencies and temperatures approach-
ing the melting point. There is evidence of anelastic behaviour of
this type at DMA frequencies and temperatures above 650 K
(see below). Given that the grain boundary loss mechanism is ther-
mally activated and that grain boundary motion will therefore shift
to higher temperatures with increasing frequency of applied stress,
it is most unlikely that there will be any measurable contribution
to the elastic properties from grain boundary motion in data col-
lected at RUS frequencies and at temperatures in the vicinity of
the ferroelastic phase transition of CaCl2. Variations of the reso-
nance frequencies and loss parameters can therefore be used as ro-
bust measures of the overall elastic and anelastic behaviour.
The P42/mnmM Pnnm transition in CaCl2 displays all the classic
features of a pseudoproper ferroelastic phase transition which is
second order in character (Unruh et al., 1992; Unruh 1993, 1995;
Valgoma et al., 2002). On the basis of lattice parameter data pre-
sented in Unruh (1993), the symmetry-breaking shear strain,
ðe1  e2Þ, exceeds 4% at 0 K, and scales with temperature as
ðe1  e2Þ / q2 / ðTc  TÞ, where q is the order parameter and Tc is
the transition temperature. In addition, there is a volume strain of
over 1% which is made up of a large contraction in the (001) plane,
ðe1 þ e2Þ  0:01, and a much smaller contraction along [001],
e3  0.001. The transition is driven by a soft optic mode and the
driving order parameter, q, couples bilinearly with the symmetry-
breaking strain as kðe1  e2Þq, where k is a strain/order parameter
coupling coefﬁcient (Unruh et al., 1992; Unruh, 1993). Based on Ra-
man spectroscopic data for the softmode and lattice parameter data
to follow the strains, the overall pattern of behaviour is consistent
with the expectations of Landau theory (Unruh, 1993). Amore com-
plete development of the Landau expansion to include predicted
variations of the elastic constants has been presented elsewhere
for the same transition as a function of pressure in stishovite
(Carpenter et al., 2000; Hemley et al. 2000b; Carpenter, 2006).
A quantitative description of the elastic properties of CaCl2
would need data for the elastic constants of the tetragonal struc-
ture which are not yet available. Nevertheless, there are two par-
ticular observations which indicate how the bulk, shear and
Young’s moduli must vary qualitatively. Firstly, the strength of
bilinear strain/order parameter coupling is indicated by the differ-
ence between Tc and the critical temperature, Tc, according to
Tc  Tc ¼
2k2
aðCo11  Co12Þ
; ð5Þ
where a is the coefﬁcient of the q2 term in a normal Landau expan-
sion and Co11 and C
o
12 are elastic constants of the tetragonal phase
without inﬂuence from the transition. From Unruh et al. (1992)
the value of Tc  Tc is 247 K, consistent with the large observed
shear strain and strong strain/order parameter coupling. This leads
to a steep softening of C11  C12 as T ! Tc from above and of
C11  C12 ¼ 12 ðC11 þ C22  2C12Þ as T ! Tc from below. The second
directly relevant observation is the value of 6.5 for the ratio of
slopes of the square of the frequency of soft mode below and
above Tc (Unruh et al., 1992). This ratio is also given by 2b/b
⁄:1,
where b is the coefﬁcient of the fourth order term in the Landau
coefﬁcient and b⁄ its value as renormalised by coupling of the
strains ðe1 þ e2Þ and e3 with q2. Such a large observed ratio implies
a large renormalisation of b and this is consistent with the large
observed values of ðe1 þ e2Þ in Unruh (1993). Strong coupling of
the order parameter with the non-symmetry breaking strains in
this way leads to signiﬁcant softening of the elastic constants
C11 þ C12 ¼ 12 ðC11 þ C22 þ 2C12Þ, C33, C13 and C23 of the orthorhom-
bic structure. The overall form of the expected elastic anomalies
is given in Fig. 9 of Carpenter and Salje (1998) and reproduced here
in Fig. 4. The bulk modulus will display the same pattern ofevolution as shown for C11 þ C12, and the shear modulus will have
a form which is a combination of C11  C12, C44, C55 and C66. The
Young’s modulus depends on both the shear modulus and the bulk
modulus in the usual way, E = 9KG/(3K + G). On this basis, and
since both G and E contain contributions from C11  C12, the steep
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the dip in E0 through Tc observed by DMA (Fig. 3) are consistent
with the model for a pseudoproper ferroelastic transition in CaCl2
and with the pattern of elastic softening predicted for stishovite
(Carpenter et al., 2000). Not included in the Landau description is
the inﬂuence of ﬂuctuations, which would give some additional
softening as the transition is approached from above, particularly
of the bulk modulus (cf. Carpenter and Salje, 1998).
The primary objective of this study was to investigate the pos-
sibility of anelastic losses accompanying the ferroelastic transition
in CaCl2 as analogue behaviour for the extent to which SiO2 with
the stishovite structure might give rise to seismic attenuation in
the Earth’s mantle. At DMA frequencies, there is no evidence for
any acoustic loss related to the transition and the question then
arises as to whether this is due to the experimental conditions rep-
resenting xs  1 or xs  1. Here x represents the angular fre-
quency of the applied dynamical stress (=2pf for f in Hertz) and s
the relaxation time of the twin walls; maximum dissipation occurs
at xs = 1 according to the Debye equation (Nowick and Berry,
1972). At RUS frequencies, the loss behaviour appears to be typical
of the inﬂuence of ferroelastic twins, implying that the relaxation
times for twin walls to respond to an external stress are in the
vicinity of 106 s, and hence, that DMA measurements represent
the behaviour at xs 1. Conventional transformation twins have
been observed in single crystals of CaBr2 (Unruh, 1993) and, from
the optical observations described above, it appears that twins
were present in the polycrystalline sample used here.
Within the stability ﬁeld of the tetragonal phase, Q1 remains
low in spite of the real issue of dealing with a difﬁcult material to
prepare and handle. It tends to increase when the transition tem-
perature of 491 K (given by Bärnighausen et al., 1984; Anselment,
1985; Unruh et al., 1992; Unruh, 1993) is approached from above.
Immediately below the transition temperature, the dissipation be-
comes sufﬁciently large that resonance peaks are not observed. This
is characteristic of twin wall mediated superattenuation, as ob-
served in LaAlO3 (Carpenter et al., 2010). In the interval where there
are no data for Q1 due to the strong attenuation, a plateau of atten-
uation would be expected, by analogy with the dissipation behav-
iour of both acoustic and dielectric properties at ferroelectric
transitions, which is attributed to viscous movement of twin walls.
The viscous drag may be understood in terms to the disruption of
phonons behind the moving walls (Combs and Yip, 1983; Huang
et al., 1992;Wang et al., 1996; Harrison et al., 2004a). At lower tem-
peratures, the improved resolution of the low temperature RUS
head reveals the presence of broad RUS peaks with a tendency for
Q1 to reduce with falling temperature, corresponding to the lower
temperature part of the expected plateau region. Below 100 K the
peaks seem again to disappear, though some relatively sharp reso-
nances may be present in the rather noisy spectra collected at the
lowest temperatures. A peak of dissipation in this temperature
range would be due to freezing of the twin wall motion if it follows
the characteristic behaviour of other systems. Hence, although the
data for Q1 are incomplete, the present observations are at least
consistent with the pattern of loss behaviour reported for LaAlO3
by Harrison et al. (2004c) (and see Fig. 6 of Carpenter et al.,
2010). This pattern is shown by the dash-dotted curve in Fig. 2b.
From these observations, it appears that CaCl2 behaves in ex-
actly the manner expected for other ferroelastic materials with re-
spect to strain evolution, elastic softening and acoustic losses.
There is no reason to suppose that the softening and dynamic loss
mechanisms would be different for essentially the same transition
in stishovite and the only remaining questions, in terms of ana-
logue properties, are the relative magnitudes of strain/order
parameter coupling for the softening, and the relative relaxation
times of twin wall motion for the dissipation. The magnitudes of
strain coupling effects are already reasonably well constrainedfor stishovite (Carpenter et al., 2000; Hemley et al., 2000b) while
relaxation times will need to be determined experimentally. If
the relaxation behaviour is more or less the same between the
two systems, it follows that the velocities of seismic waves through
a rock containing twinned, orthorhombic stishovite should be
determined by the relaxed elastic constants, i.e. including substan-
tial motion of the twin walls. Comparison with experimental re-
sults from single crystals of LaAlO3 perovskite at low frequencies
in its superelastic regime (Harrison and Redfern, 2002; Harrison
et al., 2004b) suggests that the effective value of C11  C12 could
be as low as 10% of the intrinsic value, which excludes the inﬂu-
ence of the twin walls. In a polycrystalline sample, i.e. a rock, the
total magnitude of the twin wall related softening will be less than
this, because only some proportion of the grains will have twin
walls orientated in such a way that they experience the maximum
displacement in response to a given orientation of shear stress
(Harrison et al., 2003). Even so, the effective softening should still
be greater than the intrinsic softening arising from strain/order
parameter coupling and the effective shear modulus will be simi-
larly reduced. Harrison et al. (2003) also pointed out that even a
small degree of preferred orientation for twinned ferroelastic crys-
tals could lead to enhanced seismic anisotropy because of the sen-
sitivity of twin wall motion to the orientation of an applied shear
stress. The likely population of twin orientations in a sheared poly-
crystalline sample remains to be characterised and Jackson (2007)
has argued that operation of a tectonic stress over a geological
timescale would result in most grains consisting of a single twin.
In tetragonal and rhombohedral perovskites, pairs of ferroelastic
twin walls can occur in three or four degenerate orientations,
respectively, making this unlikely. In orthorhombic CaCl2 or stish-
ovite, however, there is only one orientation for the pairs of ferro-
elastic twin walls at 90 to each other, and a greater possibility
exists for long term deformation reducing rather than enhancing
the number of twin walls present.
In conclusion from the present considerations of CaCl2, the geo-
physical signal for the presence of orthorhombic stishovite in the
mantle should be lowering of acoustic velocities but without sig-
niﬁcant attenuation. Only if the relaxation times are substantially
slower in stishovite, due to the differences in bonding (particularly
for rotations of adjacent octahedral against each other in the (001)
plane) or to pinning of the twin walls by impurities such as H or Al,
would the softening be accompanied by an increase in attenuation.
There is still some uncertainty over the location of the phase tran-
sition in pressure and temperature space (Ono et al., 2002a; Tsu-
chiya et al., 2004; Nomura et al., 2010) and of the effect of Al or
H impurities (Lakshtanov et al., 2007a, b). It is therefore not yet
clear exactly where stishovite in subducted oceanic crust would
transform to the orthorhombic structure, but there are now at least
clear patterns of predicted elastic and anelastic behaviour for com-
parison with geophysical observations.Acknowledgements
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